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k1 0 ... 0 ... 0
0 k2 ... 0 ... 0
0 0 ... 0 ... 0
0 0 ... kn ... 0
0 0 ... 0 ... 0
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otc = (Xi, Yi, Zi) = (−0.21, 0.096,−0.87)

























































ot∗c = (X∗, Y ∗, Z∗) = (0, 0,−0.5)
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 a˙n = −an2a a˙ ö
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¸
1
Z = Axg + Byg + C
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xnvz = xn/Z + 4an(An20 +Bn11)
ynvz = yn/Z + 4an(An11 +Bn02)
11 = 4n11 − xgyg/2
12 = 4n20 − x2g/2
21 = 4n02 − y2g/2
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nij = µij/a %ﬂ$m
ﬂ

µ20 = m20 − ax2g
µ02 = m02 − ay2g
µ11 = m11 − axgyg.
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υ = λe + Lωω
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x∗n = y∗n = 0 ö a∗n = Z∗ = 0.5 öR
























































































































































































































υ = λ(s − s∗) + Lωω ¥\sX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q∗ ∈ Fc 
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δ˙ = oR˙cδ +
oRcδ˙
= oRc[ω]×δ + oRc(−[ω]×δ −Qυ)
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λmin(Q) << λmax(Q) ö#¸ λmin(Q) 
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δ˙11 = −[ω]×δ11 − [q∗n]×Qυ, ¨Æ	Ê h ª
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F (|q|) = R|q|√
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δf = f − f∗
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˙|q|qn + F (|q|)q˙n. ¨Æ	Êk ª
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L˙ = −kMδ>f M(q)QM(q)δf . ¨Æ	Ê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υ = kqMδ, kq > 0. ¨Æ	Ê ª
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g = G(|q|)qn ¨Æ	Êji ª
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δg = g − g∗







δ˙g = −ω × δg −HQυ ¨Æ	Êg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HQH ' α(|q|)2I3 ¨Æ	ÊgXh ª
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a¡¼ q a q∗ = oR>c b
• Zv¡¼ |q| » qn = q|q| » |q∗| » q∗n = q
∗
|q∗|
• Zv¡¼ F (|q|) a F (|q∗|) { Z







• Zv¡¼ D(|q|) a D(|q∗|) { Z­














































• Zv¡¼ g  g∗ { Z­
g = G(|q|)qn  g∗ = G(|q∗|)q∗n
• Zv¡¼
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































%& X ' 0.7 °÷ö Y ' −0.65
°÷ö Z ' 2 °÷öû
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 υ = k∗Q∗−1δ, k∗ > 0 ¨i©G#
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²jÚKáVUmÆ	ÊÆji  υ = 0.3A(q∗0)











































































































































































































































































































 υ = kg
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i(υKi − υ¯K)2 ö  D# K ∈
{X,Y,Z} 









ﬂﬁ«GHﬃﬁ ­%&ﬃ ﬁ t = 10 
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X = r cosφ cos θ ¨	ÊHÄ
ª
Y = r cosφ sin θ ¨	ÊÆ
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R+3 37' (υax , υay , υaz )
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FA + FW + FT = m(υ˙a + [ωa]×υa) ¨"	ÊHÄÄ ª
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Xu Xw Xq Xθ
Zu Zw Zq Zθ
Mu Mw Mq Mθ











































































Yv Yp Yr Yφ
Lv Lp Lr Lφ
Nv Np Nr Nφ
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õV-,%&5°5±'(.& H0 ¨ ' 15 õ 20 °s¸
0&;[±'±'&H*&°<&


















































X˙ = υa cos γ ¨"	ÊHÄH ª
Y˙ = 0 ¨"	ÊHÄGg
ª
Z˙ = −υa sin γ = −X˙ tan γ ¨"	ÊHÄûÈ ª
&

Y (t) = 0 ¨"	ÊHÄi
ª
Z(t) = −X(t) tan γ ¨"	ÊÆÇ
ª
; &ﬂ Xs =
Hs
tan γ
nO$3°5°*37³(.&ý-,%H°*37P&*37ó-,%úÉX& xf õV-, °5'P t = ts 3¸Y37Y&5°5±'(.&










&Q&;Z(.&=-,6370(X0&Q(.& γ = −2.5 õ γ = −6
(.&¨0;ûö'&
















































².±.&/õý-, °5'P t = 0 ö*370

±'&-,%& ¢
°5±'(.&J(.&-,%H°*37S7±. Z(0) = −H0 &





























ö8õ=-, °5'P t = 0 E
H˙(0) = H˙0 = X˙0 tan γ. ¨"	ÊÆÆ ª




























































τx = − H0X˙0
H˙0 − H˙T
FQ&*370[E












².±.(.& -,%0037'(X° H(0) = H0 ö=; &ﬂ¨"	ÊÆjk ª ö=&































t = tT ¨"	ÊÆ^g ª ö#37 37².°*&
F².°*&
 H˙(tT ) = H˙T Ö 3701¨ &
'&






\±	Éﬂ°5'P t = 0 &


















&4(2,%..03!­·'&FE(.&[-,6370(X0&4(.& γ = −2.5 õ γ = −6 (.&¨0;EÌC&H*&
ìi"öû®ﬂ¦?&HiÇÊ)¦
°5&;P&/3 &;(.&A-,6370(X0&/(.& X˙ = 55 °C·ûöH&
kn3;3°Q$3P&/ &
0°©H&*&W(.&An:D°5&;&(.&A-,6370(X0&
















































































































































































































































































































































































































































nz00 + nzα(α− α0)
)
























































nx00 + nxα(α− α0)
)










ö Mα ö Mq0
ö Mδm0
ö MFCS ö Lp0
ö Lδl0






























±°*37'<(.&8370°*&U(.&VnÅ3701°<& y = h(x) ö/3¸ y =
(υax , υay , υaz , ωax , ωay , ωaz )
Ê






υaz = υa sinα
¨"	Ê%"^g
ª




























































'3°Q°5&*&;=±#H*&;IE ωy0 = 0
ö pυ0 = 0
ö µ0 = 0 ö δl0 = 0











cos(α) ' cos(α0)− sin(α0)dα ¨"	Ê hÄ ª
cos(γ) ' cos(γ0)− sin(γ0)dγ ¨"	Ê hÆ ª
cos(µ) ' 1 ¨"	Ê h"
ª
sin(α) ' sin(α0) + cos(α0)dα ¨"	Ê hjh ª
sin(γ) ' sin(γ0) + cos(γ0)dγ ¨"	Ê hAk ª

















































˙˜x = Ax˜ + Bu˜ ¨"	ÊkÇ
ª














−A1 1 −A2 0 0 −A3 −A4
Mα Mq0 0 0 0 −2MFCSυa0 0
A1 0 A2 0 0 A3 A4
0 0 0 Lp0 0 0 0
0 0 0 1 0 0 0
A5 0 −g  (γ0) 0 0 2gnx00υa0 g
 (α0)



































































 (α0)−  (γ0)]
















y˜ = Cx˜ ¨"	Êk	Ä
ª




−υa0  (α0) 0 0 0 0  (α0) 0
0 0 0 0 0 0 0
υa0
 (α0) 0 0 0 0  (α0) 0




0 1 0 0 0 0 0
























































































































−A1 1 −A2 −A3 −A4
Mα Mq0 0 −2MFCSV0 0
A1 0 A2 A3 A4
A5 0 −g  (γ0) 2gnx00V0 g  (α0)




























 −υa0  (α0) 0 0  (α0) 0υa0  (α0) 0 0  (α0) 0


































fRa ' I3 ¨"	Êk^g ª
ð®$pOodzﬃ¹m$ﬁ®ﬀp9oNM moX®ﬀ ÄÄGg
(2,63¸ φ ' 0 ö θ ' 0 &






















































































































 35±.°*37 0 Y˙ = a5ψ = υa0
;3 γ0ψ ¨ 37°50s¨±.0&M"	ÊHÄH	ö; &ﬂ Y˙ ' υay &

























a1 a2 0 0
a3 a4 0 0
0 1 0 0
































































a1 0 0 0
a3 0 0 0
0 1 0 0




















































































































0=(.& δl õ Y ª Ê


























































































































































H &ﬂ c1 ;37'PûÊ
¯
























































0 1 0 0 0 0
a6 a7 0 a8 0 0
a9 0 a10 a11 a12 0
0 0 0 0 1 0
a13 a14 a15 a16 a17 0
































4H &ﬂ Y ö737NZú¤37±.:°©
°#*&:0P&°s¸













































































































0 0 1 D1
1 0 0 0
0 1 0 D2
0 0 0 1
















































































 0 1 00 0 1
1 0 0

















































































































































































































0&;Í¨ ρ ö θ
ª
ö(.'.°*3 
PFý*&;=37°5£¨ x, y) (.&[ýnQ(X037°5&Iû;37'°*(.
0;&I0)ýnA0&






































































































P°*37ﬂ(.&>ýnAý5°5ß'&M(2, ü'370°FEH37(''=ý-, °5þNß &>#&
1ý*&;)(.(Xý*=(.&[0P'ýn°*37
37Iû;37þQþN'(.;?80°50I(.&<û;37þI².°5°*37'A(.&;[0Pþ






















































































A1X +B1Y + C1Z +D1 = 0 ( ü 1)











Lθ = [λ cos θ λ sin θ − λρ − ρ cos θ − ρ sin θ − 1], ¨"gi ª
3¸ λ = (Ai sin θ −Bi cos θ)/Di,
&





±.@37±A¤37±.0ûPü'37°*°50 Di 6= 0 >±#(''Cý*&:ûH7@(.
ß 
'
































A1X +B1Y + C1Z +D1 = 0 ( ü 1)



























































ý-, °5þNß & xc

P=ü'370°FEH37Pý>$û;37þQþ<&[±.01ýnfH'ß±.0&I"ﬀ%
F8'37&±¨ ρl, θl ª >O¨ ρc, θc ª &
¨ ρr, θr ª ý*&;40Pþ
0&;Í¨ ρ, θ ª (.&;9037°*:(X037°5&;1(.&Fý-, °5þNß &IE
¨ ρl, θl ª $37±.0\ýn ý5°5ß'&K(.&Kß±'ûü'&>¨ ρc, θc ª $37±.0Aû;&
ý5ý*&K(X±þQ°5ý5°*&
±>@&






















 HX + (L/2)Y = 0
$37±.0Cýn+ý5°5ß'&:(.&4ß±'ûü'&> HX−(L/2)Y = 0 $37±.0CýnFý5°5ß'&1(.&:(X037°5&>&












































0P&; Y − H = 0 >û,6&;9 e?: g(X°50& AX + BY + CZ + D = 0 H &;û
 1VZ3Zia0^3^3XﬃY0Ym¶aÍpwM "]mo:X®]µ~m:^ìmWY'Yja0^[o!XﬃY'Yja0_ka0]
Zko:XﬃY["[ao
(A,B,C,D) = (0, 1, 0,−H) 	&;+&
























û;3 θl, λr =
1
H
û;3 θr, λc =
1
H











0 λ mlgý*[37I37±.0M  ±°*37 X + L/2 = 0 ¨G37(.37'û (A,B,C,D) =
(1, 0, 0, L/2)
ª
37±.0 Ll >.&
 X − L/2 = 0 ¨G37ﬂA(.37'û (A,B,C,D) = (1, 0, 0,−L/2) ª
37±.0 Lr ﬁû;&  ±.°û;37'û;&
0'&[ýnAý5°5ß'&[(X±UþQ°5ý5°*&


































°5 θl, λr = − 2
L
°5 θr. ¨"ﬀ^g ª
	&;:ý*&
±.0:(.;°50;&;:(.&;40Pþ





























= [λ∗l cos θl λ
∗
l sin θl 0 0 0 − 1] ¨"ﬀji ª
Lθ∗r = [λ
∗
r cos θr λ
∗
r sin θr 0 0 0 − 1] ¨"i+ ª
Lθ∗c = [λ
∗
c cos θc λ
∗






























































δ = θl + θr − 2θc, ¨"ih ª














( õ 2θl + õ
2θr − 2 õ 2θc) 1H ( õ θl ô θl + õ θr ô θr − 2 õ θc ô θc) − 1H (ρl õ θl + ρr õ θr − 2ρc õ θc)


























2θr − 2) 1H ( û;3 θl °5 θl + û;3 θr °5 θr) 0 0 0 0 ].
4 37þQþ<& θl = −θr ?+ýn+3°5°*37Q(.;°50;&q¨ 37°50qH'ß±.0&)"ﬀ" ª >37N>û θl  θl+ û θr  θr = − û θr  θr+
































2θr) − 2L(ρl  θl − ρr  θr)





























2θr) 0 0 0 0 ].
ﬁ>û;37þQþ<&[.0;û;;(.&
þQþ<&





















































































































































































































































ý5ý*&; δ > σ > xf &
























































































( û;3 2θl + û;3
2θr − 2)Y ¨"F+h ª
σ ' 2
L
( °5 2θl + °5
2θr)Z ¨"F+jk ª
xf ' −ψ ¨"F+ ª










x˙f ' −ψ˙ ¨"F+ ª













Q H → 0 EX&
O.0P°  ±'&>.û;&














































































ψ ' −xf ¨"F ª
θ ' yf ¨"FH" ª
ψ˙ ' −x˙f ¨"Fh ª










±.0>'±.'&[±.0&[&D.0&;P°*37 (.& Z >'; &;ûC¨"ﬀjk
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φ = − 1
a3






































































• °5 2θl + °5 2θr >XýnA37þQþ<&[(.&;=ûH00;F(.&;=°5±'F(.&;).ßý*&;¨"F} ª >











































σ >'û;&  ±.°>'û;37þQþ<&['37±')ý*&Z &
0037'=0=ýn<±.°5&>.&
±.=.03(X±.°50&I&

























































































































































Y = −k1Y¨ − k2Y˙ − k3Y >#3737².°*&
>ýn<ý*37°(.&Mû;37þQþN'(.&
±.°5&<E
δl = −n1Y¨ − n2Y˙ − n3Y "F~
; &;û ni = (−kia1)/(a5a3b1) > i ∈ {1, 2, 3} >.&






°5'&;:(.&+ý-,6  ±°*37 s3 + k1s




















δl = n1a5x˙f + n2a5xf − n3 H






































pc = ω3(φc − φ) &








(ψc − ψ) &










(Yc − Y ) &





Yc = 0, "FH"~
&
); &;û
k = 2.9 > ω1 = 0.08 0P7(5®> ω2 = 0.2 0P7(5®> ω3 = 0.5 0P7(5®> pm = pi/9 0P7(5®> φm = pi/3




























































































































(.&;Z&;°5þN°*37'I(.& Y > ψ &
 φ >$ýnOý*37°/(.&Qû;37þQþN'(.&Q0&
$3P&Aý*370M±.0[(.&;>þ<&;±.0&;Z°*±'&;








(x˙fc − x˙f ) &





x˙fc = ω2(xfc − xf ) &









û 2θl + û 2θr − 2
(δc − δ) &

































































0 υa/gψ˙ 3"%~>D; &;û a3 ' gυa @.±.°* ψ 0 Y˙ /υa 3"%~|>D; &;û a5 ' υa > &











































































































x˙lo = Aloxlo + Bloulo "FH"~




















ylo = I6xlo "FH"~





















ý5ý*&; yf > y˙f
&
 σ E
θ = yf "Fj{I+~








































































































































































00°*Pß &R 37°50H'ß±.0&M"ﬀ¡~'R+3737' t0 ý-, °5'9 
P°5.°5°ný'û;37'°*(.
0>&












(.&)0&iA37°5'(X0&Fýn[3°5°*37K(.;°50;& Yf = 0 ?M0°50:(.&)ýn[$3°5°*37O°5.°5°ný*& Yi [	&;Wû;370P°5&;
±.0 Y ∗(t) 37=(.37'û
Y ∗(t0) = Yi &


















0°5 ;&;)±'û;û;&;°5 &;=(.& Y 






Y˙ ∗(t0) = a5ψi &
 Y˙ ∗(tf ) = a5ψf = 0, "Fj{~
3¤ ψi &














þQ.ýnpH ψ˙ (''#"F~1H &;ût"%¡~>'3737².°*&

Y¨ = a5a3φ "Fj{ﬂ|
&
)(.37'ûNE
Y¨ ∗(t0) = a5a3φi &
 Y˙ ∗(tf ) = a5a3φf = 0, "Fj{I~
3¤ φi &


































∗(tf ) = − b1
a1
a5a3δlf (tf ) = 0
"Fj{I}~
3¤ δli = 0
&

































Y ∗(t) = at7 + bt6 + ct5 + dt4 + et3 + ft2 + gt+ h "F¡+~
3¤Iý*&;@û;3D&zNû
°*&








































































































































































0Q0Aýnﬂ3°5°*37·°5.°5°ný*& (Xi, Zi) &
Aýnﬂ3°5°*37
H'ý*& (Xf , Zf ) (.&Zý-,%H°*37VE
Z∗(Xi) = Zi "F¡¡~













0°57 Z(X) 0=0P.3707? X  37°50f"F¡W{ﬂ3ZE
∂Z∗
∂X
(Xi) = tan(−γi) "F¡~|
∂Z∗
∂X












Z∗(X) = aX3 + bX2 + cX + d, "F¡}~
3¤<ý*&;90Pþ












I(.&Kýn(X°*P'û;& Xf − Xi
0û;37±.0±'&[37±.010&iA37°5'(X0&ZýnA0P:A&;û
37°50&[(2,%..03ûPü'&












±'&'37±'H 37'?ûü'37°*° $37±.0?ý-,%.ßý*&/(.&P.ßß &9(.;°50±.'&/&X.0&;°*37
(.&Zýn#370þ<&
θ∗ = k(Z − Z∗) + θp, "FH!
3¤ k &












































ulo − ulo0 = K(ylo − y∗lo), "FH~
&

δl = −n1(Y¨ − Y¨ ∗)− n2(Y˙ − Y˙ ∗)− n3(Y − Y ∗) "FH"~
3¤ y∗lo > Y
∗
> Y˙ ∗ &




































0&;F37±'1ýnf370þ<& x− x0 &























































































ﬂ 2θr − 2δ −
H∗
ﬂ 2θ∗l +
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θ0 = −3 452|o
γ0 = −5.5 452|o
υa0 = 55.28
it®K
Y0 = 0 i
φ0 = 0 452|o
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W;2_Q848MQIm72_h:2?WkvjMRK:2esŁMW;2_QI:2z45O7Kh`9:O72?27KhcmlM{gSm_kgO72L?WjM9hh`9c452









m76RQ8Kh45O_9:OJ5Q MQkoeg2452wZMQkoIM{o"2v45O7Kh`9:OJ452gNMV6R9pi[2 θ∗ = −k(H − H∗) + θp s
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WkgNMam7O48MQ8KgTbM52452gNMW5Kh:2  Y = 0 ?2_~K:27KMQkoeg27K~452S9:6Rkg`Kp2_~452gNMam72_K:6RQu~QIkgK
 φ = ψ = 0 s

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4527Ki[6R:2_59:Ktn δm 2_ δT dQ86R:O727KmK:6R8KgNM¢V6R9pi[2+4dv]"2~m_:2_59
ulo = (δm, δT ). Vasj\le¬~
u
6R59ªmxvjMau82XKhjiokgNMh6RQ­U6RQS9:2_W59:O7K:2_Qu:2_9ZMg27KzWjM9ZM{irq_h9:27Ko4di[6\4kq|g2 g6RQkor`h84d`QjM{g452
gTbM7]\6RQnlg27Km2_QIh9:O727K452¢m76aii|MQ8452 δm 2_ δT kgTbMQkoeg2q452+ZMQkoIM{o"2 θ kgNMW;2_QI:2 γ kgNM[]u`:27KZK:2



















13.6 3.5 50.8 −0.178 −0.084 −0.991






Xi = −4100 i 452gNMzW5Kh:2e2_¥£±gTbM{g`h`h8452 Zi = −491 iÀs
v
m72_h:2f4dKhZMQlm72eRW;6R59ÂÁ_h9:2>Kh59gNM
h9ZM§h2~m_:6R`9:2y4UTbMW5W59:6wmxv82egTbM7]\6RQt452_]\9ZM`K:2Ah9:6R5]"2_9Â£gTbM{g`h`h8452 Zi0 = −Xi∗tan(γ0) = −395
iÀslT2_9h9:2_59m`Q5`hNM{g2o2_QM{g`h`h8452o27K:?456RQlm+452 Zs = Zi0 − Zi = 96 iÀs

Q~5hjg`KZ2Sm_gNMÃg6R3452ªm76aii|MQ8452RVasj\la}~n
ulo = K(ylo − y∗lo),
2_+6RQÄm76RQ8Kh4kq_9:2}I3T 5Q82i[27K:59:2[4d`9:2~m_:2[4527K+WjM9ZM{irq_h9:27K ylo = (θ, θ˙, γ, υa, υ˙a, Z) 27Kh+4dKp«
W;6RQ5`kg2esk³AQJW59ZMhSI82gNMt5`kg`6Rpvlq~I82+WY2_9pi[2_hZMQu?452=K:jiokg2_9g2°m76aiXWY6R9h:2|i[2_Qum452gTbM7]\6RQ
V6R59hQ5` θ, γ, υa 2_ Z sl327K=45O_9h`]"O727K=WjM9m9ZMW5W;6R9h=Mp:2|iXW8KzK:6RQuz27Khhji[O727K°£XWjM9hh`9=4dZM
4UTbMam~m_9:6RK:K:2|i[2_Qut2_Quh9:2|452_i[27Kh59:27KoKhlm~m727KZKh`]"27Kt3MS`Q8KhZMQI:K t 2_ t + dt n x˙(t + dt) =
x(t+dt)−x(t)
dt






4UTbMW5W59:6wmxv82+MW59xq7Kf2_QI]\`9:6RQ 40 K:2~m76RQ84527Kf2_ 1500 irq_h9:27KÇs
u
5KfjgY9:27Kh:2=KhZM5jg`K:O=Kh59gNM+W;2_QI:2
4UTbMW5W59:6wmxv82eŁ§-8K¡I3T£m72¢I82gNMÃi|MQ`ñ5]\9:2t4UTbM9h9:6RQ84dK:6R`m`Q5`hO72e£gT `Q8K:ZMQI t = 67  X =
−210 its  Q{W;2_5]"6R`9oKh59ngNMÅlor59:2|asbaeyu82X4527K+6rKxm_jgjgNMh6RQ8Kt4UTbM{iXWkg``h8452[jiXW;6R9hZMQI:2
K:6RQuo"O_Q8O_9:O727KzM~45O_55tkg2=:2|iXW8Km4529:2©§h6R`Q84d9:2°gNMqh9ZM§pm_:6R`9:2Q86aiX`QjM{g2e5Q86RZM{ii[2_QI=Kh59gNM
W;2_QI:2tÈÅlor59:2tasbaes45>2_hgTbMQkoeg2t452ZMQkoIM{o"2tÈÅlor59:2qasbaesÉm!sÆMm76aii|MQ8452q452W59:6{V6RQ8452_59









9:OlM{g`K:O+nI452gNM]\`:27K:K:2f]"2_9hhSmlM{g2 Z˙ = 5.3 it®KtI6RQ[WjMRK:K:2¤£ Z˙ = 0.7 it®KgÈÅlor59:2=asbaes rWY6R59














































































4dW;6R`QI|452g5`:2 yf ÈÅlor59:2asbaW{lsbM~¥g27KXWjM9ZM{irq_h9:27K θ{l,r} 4527Krg`jorQ827KroIMlmxv822_[4d9:6R`:2
ÈÅlor59:2tasbaW{ls 
82_ σ = θl − θr ÈÅlor59:2oasbaW{lsÉm!s
MÀÅlor59:2wasba¡i[6RQIh9:24527K+ji|M{o"27K452rgNMmlM{i[O_9ZM~2|itjM9xI8O72W;2_Q848MQI gNM~KhjitkgNMh6RQ­s
327KMQkoeg27Kz4527K=4d9:6R`:27KzKZ6RQI±VM`kg27K=Mp45O_WjM9htY2_m:2_Q8452_QIª£XK TbMW5W59:6Łm¡v82_9=452 90 452|or9:O7KM
59q2_ £Ài[27Kh59:2}u82rgTbMl]u6RQs4527Kxm72_Q84sÐ³Q W59ZMhSu82eÐgNMmlM{i[O_9ZM~9:27Kh:2|:6Ra§6R59:KM4527KZKh8K












gT2_9h9:2_59oKh59°gTbM{g`h`h8452Ãi[27Kh59:O72 Z UM7]"2~mÃgTO_]"6ag`5h6RQ 452 gT2_9h9:2_59+Kh59°gT `QV6R9pi|Mh6RQ]uK:82|gjg2







































327KWjM9ZM{irq_h9:27K D 2_ k 452 Vasj\le~wK:6RQum¡v86RKhKJ2|iXW5`9hSI82|i[2_Quny6RQ M{W59hK k = 2 2_






m76RQ8KhjorQ82[O_]"6ag`5h`]"2|452ÃgNMirÁ|i[2 g6R9pi[2u82WY2_Q848MQuªgTbM9h9:6RQ84dmn θ∗ = −k(H − H∗) + θp 
M7]"2~mÃm72_h:2g6RK k = 0.02 2_ θp = 3.517 452|ols
u
6R59O_]\`:2_9±g27K°m76RQ8KhjorQ827K=h9:6RWPjiXWY6R9hZMQu:27Kt






























W;2_5>9:2|i|M9xI82_9mK:59gNM¢Ålor59:2+asba~|ws2elg2×W5Sm~×4UT2_9h9:2_59mKh59gTbMQkoeg2+452ZMQkoIM{o"2£ t ' 76 Kn
2_QÀM`mjgkKlTbM{or`z4dài[6ai[2_QI6¤gTbMl]u6RQP:6Rlmxv82 gNM[W5Kh:2|nÆgNMrm76RQ8KhjorQ82t27Khz456RQlmth9xq7KhM`kg2e
i|MKAjgM5I82|gSu827KK:2~m76RQ84527KWY6R59u82g2×Q82|ÏI×f452gTbM7]\6RQ|K:2fW;6rK:2£K:6RQX:6R59tsÓ³AQÃM`tagNM

































4dKhZMQlm72 Xi = −4100 i 452gNM+W5K::2e\2_£gTbM{g`h`h8452 Zi = −571 iÀswæçm72_h:24dKhZMQlm72e\WY6R59
Á_h9:2Kh59gNMoh9ZM§2~m_:6R`9:24UTbMW5W59:6wmxv82edjg;452_]u9ZM`fK:2zh9:6R5]"2_9h£ngTbM{g`h`h8452 Zi0 = −Xi tan(γ0) =










9:2|i|M9xI82u82AWY2_Q848MQugNM?WkvjMRK:2h9ZMQ8K:`:6R`9:2eÇgT2_9h9:2_59kKh59ÐgT `QV6R9pi|Mh6RQt]\Kh82|gjg2 W K TO|g6RjorQ82
452ngT2_9h9:2_59mKh59gTbM{g`h`h8452 Z ÈÅlor59:2tasba}s45s















































45O7Kh`9:O!ºgT `Qg6R9pi|Mh6RQS]\Kh82|gjg2q45O7Kh`9:O72 W ∗ Q3T27K:zWkg`8Kz9:2_W59:O7K:2_QIZMh`]"2X452¢gTbM{g`h`h845245O7Kh`9:O72
Z∗ KhgT6RQ[27KhAh9:6RWg6R`Q[452gT6R9h2_QIZMh6RQ452f9:OgO_9:2_Qlm72>5hjg`KZO72>48MQ8K¥gNMi[6u45O|g`K&Mh6RQhgK:2~m_h6RQ







































































































































































































































































































































































































Z - Z∗ (m)
1






































γ - γ∗ (deg)
1




















æFé çiìsìç9÷!ìàs÷:ìBæFé ä¥æ)âá)â÷è!ç Z çeâBàs÷:ìBæFé áﬀã
é











ç0ôG ï9êjß¥æﬀ÷:âáﬀßãVè!çqæFé çiìsìç9÷:ìmàs÷:ìæ<äJëçiãâç γ çiâGàs÷:ìæFé á<ã
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Z - Z∗ (m)
1






































γ - γ∗ (deg)
1





















æFé çiìsìç9÷:ìàs÷!ìBæFé ä¥æ)âá)â÷è:ç Z çiâàs÷:ìBæFé áﬀã
é











ç0ôG ï9êjß¥æ<÷!âáﬀßãVè!çqæFé çeìsìç9÷:ìGàs÷:ìGæ<äJëç9ãùâç γ çeâàs÷:ìGæFé áﬀã
é
























































































































































































































































Z - Z∗ (m)
1






































γ - γ∗ (deg)
1




















ð`êjßæﬀ÷:âáﬀß¥ãfè!çJæFé çiìsìç9÷:ìqàs÷:ìnæFé ä¥æ)âá)â÷è!ç Z çiâqàs÷!ìnæFé áﬀã
é














ç0ôG ©ï9êjßæﬀ÷!âá<ß¥ãcè:ç`æFé çeìsìç9÷:ì[às÷:ìﬂæåäBëç9ãùâç γ çiâﬂàs÷:ìæFé áﬀã
é























































































































































































































































Z - Z∗ (m)
1






































γ - γ∗ (deg)
1



















þ0ôeïwð5êßæﬀ÷:âáﬀßãè:çCæFé çiìsìç9÷!ìJàs÷!ì¦æﬃé ä'æﬀâá)â÷Wè:ç Z çiâcàs÷!ì.æFé áﬀã
é












è:ç"æﬃé çiìsìçi÷:ìmàs÷:ìæ<äCëç9ãùâç γ çiâGàs÷!ìæﬃé áﬀã
é




















 ¬¬ðÈB¬ﬃÈ 8 yy`G"hIW`

QJKlT `QI:O_9:27K:KZ2£oW59:O7K:2_QI?Mri[6R5]"2|i[2_Qu:K?452hgTbMl]u6RQv48MQ8Kcg2mWkgNMQv86R9hjÏl6RQIZM{gn¯gTbM7]\6RQ







4dÃi[6u4kq|g2gNM:O_9ZM{g3ngT2_QIh9:O72?452m76aii|MQ8452 δl ÇgNMzW;6rKh`h6RQÃgNM:O_9ZM{g2 Y R2_Âg27KMQkoeg27KA452i9:6Rkg`K






• f T 5Q82WjM9hm6RQpMÃm76RQ8K:45O_9:OngNMÃg6R3452ªm76aii|MQ8452RVasj\tr~n
δl = −n1(Y¨ − Y¨ ∗)− n2(Y˙ − Y˙ ∗)− n3(Y − Y ∗) Vasj\!|w\!
Ml]"2~m n1 = 0.48  n2 = 0.24 2_ n3 = 0.04 sc2|gNM[WY2_9pi[2_=4UTbM7]"6R`9 k1 = 1.5  k2 = 0.75 
k3 = 0.125 Óm72u5km76R9h9:27KhW;6RQ84r£m5QXW;6agjú\Qláai[2>452cgNM¤V6R9pi[2 s
3+k1s
2+k2s+k3 M~úIMQu
−0.5 W;6R59y9ZMam_`Q82zh9h`Wkg2#g6RQw9ZMW5WY2|gjg2±I82 ni = (−kia1)/(a5a3b1)  i ∈ {1, 2, 3} nI]"6R`9
K:2~m_h6RQPas {lsj\esj\!s
• f TbM5h9:2+WjM9ht86RQMq5hjg`KZOngNMÃg6R3452ªm76aii|MQ8452RVasj\te¬~n
δl = kpc Vasj\!|a~
:2|gI82 pc = ω3(φc − φ) 2_ pc ∈ [−pm, pm],
:2|gI82 φc = ω2
υa
g (ψc − ψ) 2_ φc ∈ [−φm, φm],
:2|gI82 ψc = ω1
1
υa
(Yc − Y ) 2_ ψc ∈ [−ψm, ψm],
:2|gI82 Yc = 0,
2_fM7]"2~m k = 2.9  ω1 = 0.08 9ZMR45®Kt ω2 = 0.2 9ZMR45®Kt ω3 = 0.5 9ZMR45®KÇ pm = pi/9 9ZMR45®Kt
φm = pi/3 9ZMR4 ψm = pi/2 9ZMR4s

QLM2_Q8Kh5`:2~5hjg`K:OÀg27K}m76aii|MQ84527KvM7]"2~m`Qg6R9pi|Mh6RQ8Kw]uK:82|gjg27Kd3Vasj\t~|X2_}Ålor59:2












yTbM7]\6RQ~K:2mh9:6R5]"2=`Q5`hNM{g2|i[2_Qu±£ Yi = −150 i






Q27Khhji[2vM{g6R9:K Y˙ 2_ Y¨ 2_Qs45O_9h`]rMQI














































































































































452 10 452|or9:O7Ktm72u5=K:2|itkg2Mam~m72_W5ZMkg2{2_Q m76aiXWjM9ZMKZ6RQ 4527K 25 £ 40 452|or9:O7Kv6R5:2_Qu8K
W59:O~m7O7452|ii[2_QIÚm76aiXWjM9:2_9¤g27KÅlor59:27K=as {¯sÉme0as {¯s4~2_Ålor59:27K=as {IasÉmejas {Ias845s







































































































:6Ra§6R59:K¤g27KirÁ|i[27K¤u82W59:O~m7O7452|ii[2_QIn Yi = −150 i 2_ ψi = −3 452|ols
c6RQ8Kh45O_9:6RQ8K±gNM g6R452nm76aii|MQ8452tVasj\t~|+n




ﬂ 2θr − 2δ −
H∗
ﬂ 2θ∗l +




















yTbM8Kxm_K:K:2 xf 4dqW;6R`QI452¥g5`:2etg27K^]RM{g2_59:Kk4527KWjM9ZM{irq_h9:27K θ{l,r,c} ﬁM`Q8K:Łu82gT `QV6R9pi|Mh6RQ
]\Kh82|gjg2 δ = θl + θr − 2θc K:6RQuq45O_:2_9piX`Q8O727K£àmxvjMau82|`:O_9ZMh6RQs2_QW59:6{§h2_ZMQIÃg27K¢g`jorQ827K
452¢gNM|W5K::2tKh59g2qWkgNMQpji|M{o"2X452¢gNMmlM{i[O_9ZMsM45O_9h`]"O72 x˙f 27K:=27Khhji[O72£|WjM9hh`9452q452_
i[27Kh59:27K?K:lm~m727K:Kh`]"27K>452 xf d452°gNM¢irÁ|i[2ni|MQ5Sq_9:2nu82 y˙f 48MQ8Kg2nmlMRKg6RQkor`h84d`QjM{g®s

QvQ3TbM
WjMRK5hjg`KZOgNMno"O_Q8O_9ZMh6RQ452?h9ZM§h2~m_:6R`9:2oneg27Ky`Qg6R9pi|Mh6RQ8Ki]uK:82|gjg27Ky45O7Kh`9:O727K x˙∗f  x
∗
f




δ∗ K:6RQuÅkd27KtsTbM{g`h`h8452nm76R59ZMQu:2 H 27KhfKh5W5WY6rKZO72±Á_h9:2i[27Kh59:O72=WjM9f5Q~M{g`hjirq_h9:2e H∗ 27Kh
6R5:2_QI82 £qWjM9hh`9m452ngNMqW;2_QI:2oQ86aiX`QjM{g2+4UTbMW5W59:6Łm¡v82es












W;6R`QIy452g5`:2eeg27KAWjM9ZM{irq_h9:27K θ{l,r,c} 4527Ky4d9:6R`:27Ky2_¥gT `QV6R9pi|Mh6RQ|]\Kh82|gjg2 δ Q82m76RQu]"2_9po"2_QI
WjMRKf]"2_9:Kg2_59:Kf]rM{g2_59:K>45O7Kh`9:O727K]"6R`9Ålor59:27K?as {I¡sbM8as {I¡s ­8as {I¡sÉm!skMÅlor59:2+as {Itjgjg`8Khh9:2
52_Qm72Wkv8O_Q86airq_Q82ng27Kg`jorQ827K¤m76R59ZMQu:27KmQ82KZ2Kh5WY2_9hW;6rK:2_Qu?WjMRKmMg`jorQ827K?45O7Kh`9:O727KtsÆ327K
2_9h9:2_59:KKh59g27Kt`QV6R9pi|Mh6RQ8Kt]\Kh82|gjg27K η = 1a3 x˙f
2_ xf m76
VQlm_452_Quq52_Q M7]"2~mg27Kq2_9h9:2_59:K
Kh59yg27KMQkoeg27K~452P9:6Rkg`K~2_~452gNMam72_ ]"6R`9yÅlor59:27Kpas {I¡s2e?as {I¡s s¤c2_WY2_Q848MQut?2|gjg27KvQ82
m76RQI]"2_9po"2_QuiWjMRK]"2_9:KÏlO_9:6W;2_Q848MQIgNMWkvjMRK:2>452?4527Kxm72_Qu:2#VM7]rMQI t = 78 KsIÊzjMQI£gT2_9h9:2_59
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:2|gÐu82 pc = −ω3 υag (x˙fc − x˙f ) 2_ pc ∈ [−pm, pm],
:2|gÐu82 x˙fc = ω2(xfc − xf ) 2_ x˙fc ∈ [−x˙fcm, x˙fcm],
:2|gÐu82 xfc = −ω1 1υa H 2θl+  2θr−2(δc − δ) 2_ ψc ∈ [−xfcm, xfcm],
:2|gÐu82 δc = 0,
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δl = n1a5(x˙f − x˙∗f ) + n2a5(xf − x∗f )− n3(Y − Y ∗). Vasj\!|¡~
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Y - Y ∗ (m)
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φ - φ∗ (deg)
1
η∗ - η (deg)
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ψ - ψ∗ (deg)
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Z - Z∗ (m)
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2_ δ˙12 QÚmpsﬃQòs IrSf2_(Qòs ÇÈmSSn
δ˙11 = −[ω]×δ11 − [q∗n]×Qυ, QÚÊ¢s ÇS
δ˙12 = −q∗>n Qυ. QÚÊ¢srS
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• −λ(δ>11q∗n)q∗>n Qυ = 0 QÚmlM9 δ11 27Khz6R9hpv86ao"6RQjM{gz£ q∗n QÚmpsls IarSSs
f
2Wkg`8Kt86RQv9:2|i|M9xu82u82 (q∗>n q∗n) = 1 Q^i[6\4dkg2+4d~]"2~m_:2_59?Q86R9pi|M{g`KZO q∗n Ss
}zQ~9:2_h9:6R5]"2o456RQlmeÆ£WjM9hh`9m452&QÚÊ sj\uSkgT2dW59:27K:Kh6RQJQÚÊ swrS=n







WjM9f9ZMW5WY6R9h?MJ:2|iXW8K>452±gT `Qg6R9pi|Mh6RQv]\Kh82|gjg2KhWkv8O_9hSu82 f `Quh9:6u4d5`:2ª£¢gNMtK:2~m_h6RQÀs lss
}zQ~9ZMW5W;2|g2ªu82 f MO_:O+45OÅ8Q52¢£ÃgTO~IjMh6RQÍQòsÇSfWjM9on f = F (|q|)qn jMl]"2~m qn = q|q|








˙|q|qn + F (|q|)q˙n. QÚÊ sj\trS
• fM{gSm_kg6RQ8K ˙|q| = ddt (|q|) = 1|q|q>q˙ s
³Qw9:2|iXWkgNMaÜlMQu q˙ WjM9cK:6RQ2\W59:27KZKh6RQKQòs\uS\2_f2_Q|5hjg`KZMQugNM+W59:6RW59hO_:O4d|W59:6\4d5`
































wÖÚÖ f = F(|q|)qn \Ów






























nQυ)qn + F (|q|)
(







nQυ − [ω]×f −
F (|q|)






































<=6R:6RQ8KrI82g2mlM{gSm_kg?27KhÃg2irÁ|i[2JW;6R59gT `Qg6R9pi|Mh6RQ]\Kh82|gjg2 g = G(|q|)qn 452gNM
K:2~m_h6RQàs lsb sZ}zQp6R5h2_QIz48MQ8K¤m72ªmlMRKyQgO~ujMh6RQ8K(QòsÈarSf2_(QòsÈw\uSSn


























































4dSWjM9ZM{irq_h9:2 G(|q|) 45OÅ8Q5K:KZMQIngT `QV6R9pi|Mh6RQ]\Kh82|gjg2 g = G(|q|)qn W59:6RW;6rK:O7248MQ8K°gNM
K:2~m_h6RQàs lsb sX}zQK:6RkvjM`:2ªu82°g27K?452_JW59:6RW59hO_:O7KzKh5`]rMQI:27KzK:6R2_QIzKZMhKÞM`:27K+n






















³Q[2Í;2_tr2_Qrm¡v86RKhK:KZMQu υ 452gNMhV6R9pi[2 υ = kg
H(q)
α(|q|)2 δg
"M7]"2~m kg > 0 r6RQ|MM{g6R9:KAW;6R59
gNM45O_9h`]"O72452 gNM}g6RQlm_h6RQ{452 úIMW55Q86l] L = 12 |δg|2 n L˙ = −kgδ>g HQHα2 δg sc6aii[2

















































6 α′ = ∂α(|q|)∂|q|






<=6R8Ki45O_9h`]"6RQ8Kf2_Q8Kh5`:2 F (|q|) Qg45OÅ8Q5YWjM9ÖQòsrarSSd2_yQ86R8Ki9:2|iXWkgNMaÜ76RQ8K F ′ 48MQ8KgTO~ujM«
h6RQ~W59:O~m7O7452_QI:2es¤}zQ~6R5h2_QI±gTO~IjMh6RQP4d¨Í;O_9:2_Quh2|gjg2o6R9:4d`QjM`9:2tKh5`]RMQu:2[n
α′ = α(|q|)




M7]"2~m D = n2 − |q|2 s
MXKZ6ag`5h6RQ452ªm72_h:2+O~ujMh6RQ27KhmM{g6R9:Kz456RQ5Q8O72WjM9









6 C(n, |q∗|) 27Kh>:2|gI82 α(|q∗|) = 1 s
âk`QjM{g2|i[2_QIt36RQ{6R5h2_QungT2\W59:27K:K:6RQS4dàMam_:2_594UTO~m¡v82|gjg2 G(|q|) 2_QP9:2|iXWkgNMaÜlMQu α 2_
F WjM9g2_59:K[2dW59:27K:Kh6RQ8KX9:27KhW;2~m_h`]"27KÔQgO~ujMh6RQ8KÔQòsrarS2_ÔQÚÊ smrSt9:27KhW;2~m_h`]"2|i[2_QI SX48MQ8K
QÚÊ¢s\uSsX}zQ6R5h2_QIqn


















































³D@B@B³ÚÙDE ¹;> H´EIG ÂHJE ÙD»I7Û:=EI8PF´HJA?ÜÛ>¼E ³D>
H´EIG ÂIH´E <?AC» · <?³ GÝA?@ÔF´E ¹ ¿"³µFKF´EHJHJA?@B@B³¾Ù¾E
327Ki|Mh9hSm727K?452°m¡vjMQko"2|i[2_QIz452=9:2_Wq_9:2=WY2_9pi[2_hZMQum452=WjMRK:K:2_9>4dJ9:2_WËq_9:2o"O76wm72_QIh9hSu82
F0 M{9:2_WËq_9:2qZMQko"2_QI £}gNMwW5Kh:2 Ff KZ6RQI45O~m_9h`:27KSm_Q]"6R`9Ålor59:2X°sj\uSsO}zQKh5W5WY6rKZ2¢u82





X = r cosφ cos θ Qg°sj\uS
Y = r cosφ sin θ Qg°srS
Z = r sinφ. Qg°sbarS
u
6R59=WjMRKZK:2_9z4dp9:2_WËq_9:2 F0 MP9:2_WËq_9:2 Ff j6RQp]RMwM{g6R9:Kz2ÍU2~m_h82_9z5Q82qK:O_9h2t452+h9ZMQ8KÞV6R9Þ«
i|Mh6RQ8Km`Qu:2_9pi[O74dNM`9:27KKhjiXWkg27Kt82_±m76RQ8Kh45O_9:2_9=K:lm~m727K:Kh`]"2|i[2_QI±g27K?9:2_Wq_9:27K F1  F2  F3 82_








1 0 0 0
0 1 0 0
0 0 1 −r sinφ
0 0 0 1
 Qg°s ÇS




cos θ sin θ 0 0
− sin θ cos θ 0 0
0 0 1 0




































1 0 0 −r cosφ
0 1 0 0
0 0 1 0
0 0 0 1
 Qg°sbrS




− sinφ 0 cosφ 0
0 1 0 0
− cosφ 0 − sinφ 0
0 0 0 1
 Qg°sÈmS





cosψ sinψ 0 0
− sinψ cosψ 0 0
0 0 1 0














− cosψ sinφ cos θ − sinψ sin θ − cosψ sinφ sin θ + sinψ cos θ cosψ cosφ 0
sinψ sinφ cos θ − cosψ sin θ sinψ sinφ sin θ + cosψ cos θ − sinψ cosφ 0
− cosφ cos θ − cosφ sin θ − sinφ r
0 0 0 1
 .
36R9:K¡I82gNM{W;6rKh`h6RQx452gTbM7]\6RQx27Kh45O~m_9h`:2K:6R8K}gNMV6R9pi[2452K&MgNMh`h8452 φa ¥g6RQkor¨«
h8452 θa U2_tM{g`h`h8452 ra U6RQ{W;2_5tM{g6R9:K°Mam_jg2|i[2_QIt2dW59hji[2_9oK:27Km76u6R9:456RQ5Q8O727Kv86ai[6aoÓq_Q827K







ra cosφa cos θa
























































































































































M92d2|iXWkg2eg27KMQkoeg27K^4UTÉ³Akg2_9 (z, x, z) m76R9h9:27KhW;6RQ8452_QI¥£?5Q82yW59:2|iXSq_9:2






















}zQWjMRK:K:2o4d9:2_Wq_9:2 Ff Mp9:2_WËq_9:2 Fa WjM9z4527K?9:6RZMh6RQ8K

























\es>9:6RZMh6RQP4UT 5QpMQkoeg2 ψ M5:6R59z452ngTbMd2 zf Q = z0 S=ndWjMRK:KZM{o"24d~9:2_Wq_9:2 Ff M~9:2_Wq_9:2
F0
s>9:6RZMh6RQS4UT 5Q{MQkoeg2 θ M5:6R59=452ªgTbM52 y0 Q = y1 Sn5WjMRKZKZM{o"2o4dp9:2_WËq_9:2 F0 M9:2_Wq_9:2
F1


































 m ψ − K ψ 0K ψ m ψ 0
0 0 1
 m θ 0 K θ0 1 0
− K θ 0 m θ
 1 0 00 m φ − K φ
0 K φ m φ
 Q®sj\uS
=
 cosψ cos θ − sinψ cosφ+ cosψ sin θ sinφ sinψ sinφ+ cosψ sin θ cosφsinψ cos θ cosψ cosφ+ sinψ sin θ sinφ − cosψ sinφ+ sinψ sin θ cosφ
− sin θ cos θ sinφ cos θ cosφ

c2_h:2>9:2|gNMh6RQ[W;2_9pi[2_iM{g6R9:Ki452fWjMRK:K:2_9452gNM±V6R9pi[2i|Mh9hSm72?452f9:6RZMh6RQJMXMQkoeg27Ki4UTÉ³Akg2_9





ﬃ fRa = R(zf ,ψ)R(yf ,θ)R(xf ,φ)
²m6RZMh6RQ8KzKhlm~m727K:Kh`]"27Km48MQ8Kg29:2_WËq_9:2nÅkd2 Ff QÈÅlor59:2ÃsbarSn
\es>9:6RZMh6RQP4UT 5QpMQkoeg2 φ M5:6R59m452ngTbM52 xf
s>9:6RZMh6RQP4UT 5QpMQkoeg2 θ M5:6R59m452ngTbM52 yf











































 m ψ − K ψ 0K ψ m ψ 0
0 0 1
 m θ 0 K θ0 1 0
− K θ 0 m θ
 1 0 00 m φ − K φ




45OÅ8Q5KmK:2|g6RQgNMÃm76RQI]"2_QIh6RQ (z, y, x) s
  !" ß#$ﬁ &%
}zQ[WY2_5iO|oIM{g2|i[2_QIi[6RQuh9:2_9gNM9:2|gNMh6RQKh5`]rMQI:2?2_Quh9:2g27Km76aiXW;6rKZMQI:27Ki452
gNMw]u`:27K:KZ2qMQkorkgNM`9:2¥Q ωa = (ωax , ωay , ωaz)
Sz4dS9:2_WËq_9:2 i[6R5jg2 FA WjM99ZMW5W;6R9hMS9:2_Wq_9:2





 1 0 − K θ0 m φ m θ K φ









































































α = 0.1326 (= 7.6 452|or9:O7K )
ωy = ωy0 = 0 (
6R − 0.0013 W;6R59iX2_v9:2~m76R5WY2_9¤g27K?KhjiokgNMh6RQ8K )
γ = γ0 = −0.096 (= −5.5 452|or9:O7K )
pυ = pυ0 = 0
µ = µ0 = 0
υa = υa0 = 55.28
nxT = nxT0 = 0.0414 (= δT0XδT )
M7]"2~mªg27K?2_QIh9:O727K=452nm76aii|MQ8452
δm = δm0 = 0
δl = δl0 = 0

















−3.0 0 0 0
0.1773 0 0 0
0 1 0 0


























0 1 0 0 0 0
−10 −3.5 0 −0.08502 0 0
0.759 0 −0.7526 0.00656 0.002405 0
0 0 0 0 1 0
−5.881 −2.993 3.398 −0.06329 −0.342 0































4527KKZMh59ZMh6RQ8KÇs}zQ+9ZMW5W;2|gjg2¥g27KU]rM{g2_59:KUQIki[O_9hSu827K^4527K­oIM`Q8K ωi Q i ∈ {1, 2, 3} Syn ω1 = 0.08
























commande de la position late´rale















































































s2 + ω3s+ ω2ω3
. QÚ³¤sbarS
}zQ}Mm72_h:2g6RKq5QKpúdKhxq|i[2J4d K:2~m76RQ84 6R9:4d9:2eM7]"2~mv452_sWáag27K m76aiXWkg2527Krm76RQa§kor8O7K}£





























































ω2ω3 ' 0.32 9ZMR45£K¤gNMXW5kgKZMh6RQ~W59:6RW59:2o2_ ζl = ω32√ω2ω3 ' 0.79 g2ªm76\2~}m_2_QI






























−(ω3− ω2)2 + 4ω1ω3
2










−(ω3− ω2)2 + 4ω1ω3
2


















































































































































mxvjMQko"2|i[2_Qu452}mlMW 45O7Kh`9:O ψc 2_+5QQ86R5]"2|gcMQkoeg2|452X9:6Rkg`Kt45O7Kh`9:O φc sTbMQkoeg2|452[9:6Rkg`K
9:O72|gc452}gTbM7]\6RQ φ 27KhqM{g6R9:Kt9:O|orkgO9WWkg`8Kt]\`:2W}u82rgTbMQkoeg2452rgNMam72_ ψ zI5c27Khg`5¨«®irÁ|i[2




































}zQm¡v:xmxv:Ã£1_piX:¤gŁfhmf!~}m_Ł a, b, c, d, e, f, g, h dagjú!láai
Y (t) = at7 + bt6 + ct5 + dt4 + et3 + ft2 + gt+ h QÚâsj\uS
niX5Sq£1f~mgŁf¤vI5¤mfO:dhŁO:h5Of
Y (t0) = Yi  Y (tf ) = 0
Y˙ (t0) = a5ψi  Y˙ (tf ) = 0
Y¨ (t0) = a5a3φi  Y˙ (tf ) = = 0
sjsjs
Y (t0) = 0 
sjsjs
Y (tf ) = = 0
QÚâsrS
³nh/ohlm~mffh|i(QÚâsj\uS:ORhŁ}
Y˙ (t) = 7at6 + 6bt5 + 5ct4 + 4dt3 + 3et2 + 2ft+ g QÚâs_rS
Y¨ (t) = 42at5 + 30bt4 + 20ct3 + 12dt2 + 6et+ 2f QÚâs ÇS
sjsjs
Y (t) = 210at
4 + 120bt3 + 60ct2 + 24dt+ 6e. QÚâsrS















































































































}Olmw:|ghŁOrg Opi Ax = y f~m x = (a, b, c, f, e, f, g, h)  y =
(Yi, 0, a5ψi, 0, a3a5φi, 0, 0, 0) s³n}NgiXhSmf A qORhŁ {gŁO y = A
−1x
O¡fd5rg`¢tfhŁO¡fmf!~}m_ŁXÝ^OlmhŁO¡yg92/hhŁO 5h{gŁ Yi n
g`¢tOhŁNhŁO φi, ψi ng`¢_uŁO­:f>:Nm5h t0 Å:& tf 
a =
2
(−t0 + tf )7
(a3a5φitf
2 + 5tfa5ψi − 2tf t0a3a5φi + 10Yi + t02a3a5φi − 5t0a5ψi)
b =
−1
2(−t0 + tf )7 (15a3a5φitf
3 − 17tf 2t0a3a5φi + 72tf 2a5ψi − 4tf t0a5ψi +
140tfYi − 11tf t02a3a5φi − 68t02a5ψi + 140Yit0 + 13t03a3a5φi)
c =
1






−33tf 2t02a3a5φi + 81tf 2t0a5ψi + 252tfYit0 − 87tf t02a5ψi + 11tf t03a3a5φi
+84Yit0
2 − 39t03a5ψi + 7t04a3a5φi)
d =
−5





−15t02a3a5φitf 3 + 58t0a5ψitf 3 − 6t02a5ψitf 2 − 7t03a3a5φitf 2
+126Yitf
2t0 − 54t03a5ψitf + 9t04a3a5φitf + 126Yit02tf
+t0
5a3a5φi − 6t04a5ψi + 14Yit03)
e =
10tf t0




2Yi − 5tf 2t02a3a5φi
+13tf







2(−t0 + tf )7 (a3a5φitf
5 − 7tf 4t0a3a5φi − 39t02a3a5φitf 3 + 65t03a3a5φitf 2




(−t0 + tf )7
(−tf 4a5ψi + tf 4t0a3a5φi − 7t02a3a5φitf 3 + 7t0a5ψitf 3























2(−t0 + tf )7 (2ytf
3 − 14ytf 2t0 + 42yt02tf − 70yt03 + 14t02a5ψitf 2










$fm&N{irqf a, b, c, d d2agjú!láai
Z∗(X) = aX3 + bX2 + cX + d, QÚâsÈmS
|gÐu:
Z∗(Xi) = Zi QÚâs¬rS
Z∗(Xf ) = Zf QÚâswrS
∂Z∗
∂X
(Xi) = tan(−γi) QÚâsj\trS
∂Z∗
∂X
(Xf ) = tan(−γ0) QÚâsj\e\uS




cos(γ0) cos(γi)(−Xi +Xf )3 (2Zi cos(γ0) cos(γi)
+Xf sin(γ0) cos(γi) +Xi sin(γi) cos(γ0)
−Xf sin(γi) cos(γ0) +Xi sin(γ0) cos(γi))
b = − 1
cos(γ0) cos(γi)(−Xi +Xf )3 (−2Xf
2 sin(γi) cos(γ0)
+2Xf
2 sin(γ0) cos(γi) +XiXf sin(γi) cos(γ0)
+3XfZi cos(γ0) cos(γi) + 2XfXi sin(γ0) cos(γi)




c = − 1
cos(γ0) cos(γi)(−Xi +Xf )3
(−6XfZi cos(γ0) cos(γi)Xi
−4Xf 2Xi sin(γ0) cos(γi) +Xf 3 sin(γi) cos(γ0)
+XiXf
2 sin(γi) cos(γ0)− 2Xi2Xf sin(γi) cos(γ0)

























cos(γ0) cos(γi)(−Xi +Xf )3 (Xf
2(XfZi cos(γ0) cos(γi)
−3ZiXi cos(γ0) cos(γi)− 2Xi2 sin(γ0) cos(γi)










































































































































































































































































sÊ sOv¿xmxv»:NO­s­í Ê :« &»»ŁO:f¡amxv 
»jiX{o«`Ç&Of+»Ł¿&{g±mfOag®s¬©\©\© ½¯°a·k»f°r¡f­±ò¶a·k»¶a·1µ¶¯´p¶/­±§¡»
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